1. Three sheep fitted with rumen cannulas were fed hourly a daily ration of 1000 g pelleted-grass cubes, and during four successive 2-week periods were intraruminally infused (0.45 l/d) with solutions containing sodium chloride (0.47 mol/d), sodium bicarbonate (0.47 mol/d), .ammonium chloride (0.47 mol/d) and sodium butyrate (0.47 mol/d). Each solution, except that for NaHCO,, was adjusted to pH 7 before infusion, and provided equal sodium intakes for sheep in all periods.
affect the rate of urea entry into the rumen. Ammonia concentrations in rumen fluid have been inversely correlated with urea recycling to the rumen (Weston & Hogan, 1967; Thornton, 1970; Harrop & Phillipson, 1974; Kennedy, 1980) and bacterial urease activity in the rumen wall has been suggested as a regulatory factor in urea transport from blood to rumen fluid (Houpt, 1970; Cheng & Wallace, 1979) . Volatile fatty acids, particularly butyric acid, stimulate urea entry into the rumen Hinderer & Engelhardt, 1976) , and temporarily isolated bovine rumen preparations have a high permeability to urea when gassed with CO, Hinderer & Engelhardt, 1976) . The synthetic gastric hormone, pentagastrin, has also been shown to stimulate urea entry into the rumen (Harrop & Phillipson, 1971) . Although both butyric acid and CO, stimulate blood flow to the rumen epithelia (Sellers et af. 1964; Thorlacius, 1972) , increased blood flow rate alone does not increase the rate of urea passage in the rumen .
The experiments with urea recycling in feeding animals may be generally criticized for a lack of information on the effects of diet on fermentation patterns in the rumen associated with increased urea recycling rate, and the relevance of studies with temporarily isolated rumen preparations to the feeding animal are questionable. In a previous study, increased urea recycling to the rumen was associated with increased concentrations of butyric acid in rumen fluid and with high rates of CO, production from fermentation, but it was not possible from these experiments to relate specific metabolite changes with altered rates of urea recycling (Norton et al. 1982) .
The following experiment was therefore designed to study the effects of intraruminal infusions of sodium butyrate, sodium bicarbonate and ammonium chloride on urea metabolism in sheep offered a pelleted-grass diet. Infusion rates were selected to produce a change in metabolite concentration in rumen liquor within the normal physiological range, and urea recycling to the rumen and lower digestive tract was determined with an isotope dilution technique.
MATERIALS A N D METHODS
Animals, diet and management Three Scottish Blackface wethers (8 months old), fitted with rumen cannulas, were introduced to a diet of pelleted-grass cubes over a 3-week period and maintained on this diet for the duration of the experiment. The mean live weight of the sheep was 41.2 kg (range 39.4-44. 3), and all gained weight (80 g/d) during the experiment. All sheep were held in individual metabolism cages in a temperature-controlled room and were offered 1000 g grass cubes (as fed) daily from an hourly feeding machine. The average composition of the pelleted-grass diet was: 893 g dry matter (DM)/kg air-dry food, 25.7 g nitrogen and 916 g organic matter (oM)/kg DM. The DM, OM and N content of the food varied slightly between the different infusion periods, and actual values for N and OM intakes may be calculated from the results given in Table 1 (see p. 268). Drinking water was available at all times, and with the exception of one sheep in the first experimental period, all food offered was consumed.
Experimental procedure
The experimental period of 8 weeks was divided into four 2-week periods, and during each period, all sheep were intraruminally infused (0.45 I/d) successively with one of the following solutions in the order shown : sodium chloride (1.04 mol/l), sodium bicarbonate (1.04 mol/l), ammonium chloride (1.04 mol NH,Cl and 1.04 mol NaCl/l) and sodium butyrate (1.04 mol butyric acid and 1.04 mol sodium (as NaOH and NaCI)/I). All solutions, except NaHCO, (pH 8.2), were adjusted to pH 7 for infusion. These infusion solutions provided a constant Na intake (10.8 g/d) to all sheep during each infusion period.
In each 2-week period, the first week was allowed for adaptation to infusion treatment and balance trials and isotope.infusion experiments were conducted in the second week of this period. Urine was collected continuously by aspiration from a rubber belly tank into a bottle containing glacial acetic acid as preservative, and after subsampling, urine was stored frozen until analysed. Faeces were collected daily and also stored frozen. On the tenth day of each infusion period, each sheep was fitted with a jugular vein catheter and was continuously infused intravenously with a sterile saline solution (9 g NaCl/l) containing [14C]urea (0.12 pCi/ml; 0.8 pmol/ml; 0.3 ml/min) for 24 h. An intravenous infusion of a sterile saline solution containing NaH14C0,, (0.13 pCi/ml; 1.2 pmol/ml; 0.3 ml/min) immediately followed the [14C]urea infusion arid was also maintained for 24 h. At the end of the infusion, the jugular catheter was removed and an intraruminal infusion of NaH'TO, in water (0.13 pCi/ml; 1.2 ,umol/min) was maintained for a further 24 h. In the final 8 h of this infusion, the jugular catheter was removed and an intraruminal infusion of NaHWO, rumen fluid sampled from an indwelling ruminal probe. After removal of an aliquot for bicarbonate determination, heparinized blood was centrifuged at 1500g for 20 min, and plasma stored at -20'. Rumen fluid was immediately subsampled for bicarbonate determination (0.5 ml), ammonia (10 ml diluted with 10 ml 0.2 M-hydrochloric acid), volatile fatty acids (VFA) (4 ml added to 1 ml Inetaphosphoric acid) and pH and osmolality were immediately determined on the remaining sample.
Analytical methods Urea in blood and urine was determined by a imodification of the Boehringer test (Fawcett & Scott, 1960) . Plasma was protein-precipitated before urea determination (Cocimano & Leng, 1967) . The concentration and specific radioactivity ( S R ) of bicarbonate in blood and rumen liquor were determined by methods described by Norton et al. (1982) . Ammonia in rumen fluid and total N in food, faeces and urine were determined by the Kjeldahl method, and the concentrations and proportions of VFA in rumen fluid were determined on a Pye 204 gas-liquid chromatograph (Cottyn & Boucque, 1968) . Osmolality of rumen fluid samples was measured in an Advanced Laboratory Osmometer (model 36: Advanced Instruments Inc., Massachussets) and pH determined on a digital pH meter.
Calculations and slatistical methods
The irreversible loss of bicarbonate-C from blood and rumen fluid, and urea-C from blood, the relative contributions of primary (infused) pool to secondary pools and the transfer rates of C between blood urea, rumen fluid bicarbonate and blood bicarbonate were calculated by methods previously described (Norton et al. 1982) . Analysis of variance was used to determine the significance of differences between sheep and between treatments, and least significant difference (LSD) calculated to distinguish treatment differences. In the first infusion period, one sheep refused food and a missing value was calculated (Steele & Torrie, 1960) . The subsequent analysis of variance was corrected for bias caused by the use of a missing plot value in the statistical analysis.
R E S U L T S
The effect of intraruminal iizfusions on diet utilization Small differences in feed N and DM content between treatment periods resulted in small differences in N and OM intakes for sheep in the different infusion periods. Table 1 shows mean values, with their standard errors, for the effects of the different infusions on the t Values within a line with different subscripts differ significantly ( P < 0.05) apparent digestibility of OM and N, for N excretion in urine and faeces and for water intake and urine volume. Each treatment supplied the same daily infusion of sodium (10.8 g/d), and treatment effects are described as differences from the NaCl treatment. Sodium butyrate infusion significantly ( P < 0.05) increased apparently digested OM intake (ADOM) by 36 g/d without affecting either N or OM digestibility, but significantly ( P < 0.05) decreased daily urine volume.
NH,CI infusion increased total N intake by 6.2 g/d, and the significant ( P < 0.05) increase in urinary N excretion by these sheep accounted for 93:< of the N infused. The additional N load was excreted in urine by an increased daily volume of urine (9%) and an increas2d concentration of N in urine (36%). There was no significant effect of infusion treatment on N balance, and with the exception of sheep infused with NH,CI, sheep utilized apparently digested N with a similar efficiency for N retention in tissues. Table 2 shows mean values, with their standard errors, for the concentrations and proportions of VFA in rumen fluid, for bicarbonate and ammonia concentrations and for the pH and osmolality of rumen fluid from sheep infused with the different solutions.
The efect of intraruminal infusion on rumen jluid constituents
NaHCO, significantly ( P < 0.05) increased bicarbonate concentrations and the pH of ruminal liquor, but had no significant effect on the concentrations and proportions of VFA, ammonia concentration or the osmolality of rumen fluid. NH,CI infusion significantly ( P < 0.05) increased rumen ammonia concentration, but neither pH nor osmolality were significantly affected by this infusion. Sodium butyrate infusion significantly (P < 0.05) increased the concentration and proportion of butyric acid and decreased the proportion of acetic acid in rumen fluid, and increased pH. There was no significant effect of sodium butyrate infusion on either ammonia concentrations or osmolality of rumen fluid. Table 3 shows mean values, with their standard errors, for the concentrations and irreversible loss of bicarbonate-C from blood and rumen fluid of sheep infused with the different solution. Values for the percentage contribution of primary (infused) pool to secondary pools during each isotope infusion are also presented. Although there was a significant ( P < 0.05) effect of treatment on the concentrations of bicarbonate-C in rumen fluid, there was no significant effect of infusion treatment on the irreversible loss of bicarbonate-C from rumen fluid. There was a highly significant correlation (r 0.90, P < 0.01) between bicarbonate concentrations in rumen fluid and pH. The infusion of NaHCO, significantly ( P c 0.05) increased bicarbonate concentrations in blood. The irreversible loss of bicarbonate-C from blood was significantly correlated (r 0.83) with blood bicarbonate concentrations. A significantly ( P < 0.05) greater proportion of rumen bicarbonate-C was derived from blood urea-C when sodium butyrate was infused, and for this infusion there was a trend for a greater proportion of rumen bicarbonate to be derived from blood bicarbonate than that found for the other infusion treatments. 1 Total urea synthesis-urinary urea excretion. Total urea synthesis rate derived from solution to three pool 5 Clearance (I/d) = g urea N transferred from blood to degradation site/plasma urea N concentration (g Np),
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model and was on average 1.0% greater than measured irreversible loss rate.
The efect of intraruminal infusions on urea metabolism
Mean values, with their standard errors, for plasma urea concentration, irreversible loss of urea from blood, excretion of urea in urine and for urea degradation in the rumen and lower digestive tract are shown in Table 4 . Infusion with NH,Cl significantly ( P < 0.05) increased plasma urea concentration and urinary urea excretion. Sodium butyrate infusion significantly ( P < 0.05) increased both the amount and proportion of total urea synthesis that was degraded in the rumen. The clearance of urea from blood into the rumen was also significantly (P < 0.05) increased during sodium butyrate infusion. Urea degradation in the lower digestive tract was not affected significantly by treatment when expressed as either amount degraded (g/d) or as the proportion of total urea degradation occurring in the whole digestive tract although the clearance of urea into the lower digestive tract was decreased when NH,CI was infused.
Models of carbon metabolism in sheep during infusion with the diflerent treatments
The values shown in Tables 3 and 4 were used to calculate the rates of C transfer between blood urea, blood bicarbonate and rumen fluid bicarbonate pools for sheep during each infusion treatment. Table 5 gives mean values, with standard errors, for the rates of C movement between the above-mentioned pools and for the rates of production and excretion of C from each pool. As described previously, sodium butyrate infusion significantly (P < 0.05) increased urea recycling to the rumen, and NH,Cl infusion significantly ( P < 0.05) increased the rate of urea synthesis and urinary urea excretion.
However, there were no significant effects of infusion treatments on the quantitive exchange of bicarbonate-C between the ruminal and blood pools, or on the amounts of bicarbonate-C arising from tissue metabolism or rumen fermentation. 
DISCUSSION
In these experiments, sodium butyrate infusion stimulated urea recycling to the rumen, and contrary to expectation neither ammonia nor bicarbonate concentration in rumen fluid affected the rate of urea recycling. However, there was no significant effect of any infusion treatment on N balance or on efficiency of N utilization. When NH,Cl was infused, rumen ammonia concentrations increased threefold, and the equivalent of the additional N infused (6.2 g/d) was almost entirely excreted in urine, indicating that rumen ammonia concentrations (50-70 mg N/1) were probably not limiting fermentation rate and microbial growth in the rumen (Satter & Slyter, 1974) . The additional N recycled to the rumen during sodium butyrate infusion was also apparently in excess of microbial requirements since tissue N balance remained the same as that in the control infusion period. The mechanisms regulating urea entry into the rumen have been recently reviewed (Engelhardt et al. 1978; Kennedy & Milligan, 1980) , and there is general agreement that the nature of rumen fluid metabolites significantly affects the extent to which blood urea is recycled to the rumen. However, the specific :site of action of these metabolites and dietary conditions leading to increased urea recycling are still not clear. Thorlacius et al. (1971) demonstrated that gaseous CO, increased urea entry through the wall of temporarily isolated rumen of cattle. High rates of urea entry were localized to the area of CO, application and increased as both plasma urea concentration and the partial pressure of CO, increased. Both acetamide and thiourea entry into the rumen were also stimulated by gaseous CO, indicating that urease [EC 3 . 5 . 1 , 5 ] activity was not involved in the stimulation of transport rate. In the absence of gaseous CO,, urea entry into the rumen was independent of plasma urea concentration, and the previously mentioned obscrvations suggest that gaseous CO, affects the permeability of either the capillary wall or the rumen mucosa to urea. Sellers et al. (1964) observed that both CO, and VFA stimulated blood flow to the rumen arteries, but in later studies by the same group, urea entry into the rumen was found not to alter during a fourfold increase in blood flow rate (Dobson e/ al. 1971) .
Rumen gas varies from 10 to 80% CO,, depending on the feeding regimen and time after feeding (Washburn & Brody, 1937; Barry et al. 1977) . In our experiments, all sheep were fed hourly which would result in constant and probably low partial pressures of CO, in rumen gas, and these conditions would not be conducive to C0,-stimulated urea recycling to the rumen. Furthermore, as shown in Table 6 , although NaHCO, infusion had a significant effect on bicarbonate ion concentrations in rumen fluid, there was little effect of any treatment on carbonic acid concentrations in rumen fluid. If carbonic acid was in equilibrium with gaseous CO,, then the infusion of NaHCO, was not effective in increasing the partial pressure of CO, in rumen gas, and it is perhaps not surprising that urea recycling was not increased during this infusion period. Neither blood flow nor urea entry into the rumen are responsive to bicarbonate ion concentrations as shown in the studies of Dobson et al. (1971) where phosphate buffers were substituted with bicarbonate buffer with little effect on the above measurements. Under practical feeding conditions, C0,-induced urea recycling would occur shortly after feeding and continue until low CO, tensions in rumen gas prevailed. Diets containing readily fermentable carbohydrate and fed once daily would provide the greatest potential for increased urea recycling. observed a change in the rate of urea recycling to the rumen of sheep with time after feeding, and low rates of recycling are usually found in starved ruminants (Engelhardt et al. 1978) . Both studies support the hypothesis that the permeability of the rumen wall to urea is either directly or indirectly controlled by the partial pressure of CO, in rumen gas which is in turn related to the diet and physiological state of the animal. Many workers have reported a correlation between blood urea concentrations, rumen ammonia concentrations and urea entry into the rumen (Weston & Hogan, 1967; Vercoe, 1969; Thornton, 1970; McIntyre, 1971; Kennedy & Milligan, 1978; Norton et al. 1978; Kennedy, 1980) , and these results have been interpreted by some as evidence that rumen ammonia concentrations regulate the rate of urea entry into the rumen (Varady el al. 1967; Harrop & Phillipson, 1974; Kennedy & Milligan, 1978; Cheng & Wallace, 1979; Wallace et al. 1979; Kennedy, 1980) . But low rumen ammonia concentrations are not always associated with high rates of urea recycling to the rumen (Norton et al. 1978; Macrae et al. 1979; Kennedy, 1980) , nor do high rumen ammonia concentrations necessarily inhibit urea recycling (Norton et al. 1982; present study) .
Urea enters rumen fluid from blood by salivary secretions and by passive diffusion through a selectively permeable membrane in the rumen wall. Although urea diffuses through this membrane at a slower rate than water , in the absence of microbial urease activity, urea concentration in rumen fluid will equilibrate with that in blood (Cheng & Wallace, 1979) . Houpt (1970) suggested that the permeability of the cornified (keratinized) epithelium limited urea diffusion into rumen fluid, and that bacterial urease imbedded in the cornified layer facilitated urea entry by hydrolysis of urea to the more freely diffusable ammonia. However, this theory assumes, firstly that total urease activity is limiting the rate of urea hydrolysis, secondly that liberated ammonia would exist as ammonia and not ammonium ions and would diffuse against a concentration gradient into rumen fluid rather than down the concentration gradient back to blood, and thirdly that whilst microbial urease can penetrate the epithelial layer, the much smaller urea molecule cannot diffuse from this layer.
Cheng & Wallace (1979) found a significant decrease in urease activity in rumen fluid of sheep when ammonia concentrations were increased and proposed that a similar adaptive response of urease activity in the epithelial layer may regulate the amount of urea entering the rumen from blood.
Calculations from the data of Cheng & Wallace (1979) indicate that for sheep with a rumen volume of 5 1, and with the lowest urease activity found (0.49 pmol ammonia released/ml rumen fluid per min at 37O), there was still sufficient activity to hydrolyse 49 g urea-N daily, an amount far in excess of that likely to be transferred across the rumen wall (Hecker & Nolan, 1971) . Tillman & Sidhu (1969) have also reported that urease activity in rumen fluid is in excess of the substrate available for hydrolysis. Since Wallace et al. (1979) found that urease activity associated with the rumen epithelium was significantly higher than that in rumen fluid, it is difficult to envisage urease activity per se under these conditions as a regulator of urea transport across the rumen wall.
Nolan & Stachiw (1979) have reported that the appearance of 14C0, and 15NH: in rumen fluid was in the same proportions as 14C-and 15N-labelled urea in blood, which indicates that all urea degraded in passage across the rumen wall enters ruminal fluid and that there is no substantial evidence supporting a preferential ammonia reabsorption into blood after subepithelial degradation of urea. Houpt & Houpt (1968) have made the interesting observation that disruption of the keratinized epithelial layer with NaOH without obvious damage to the underlying cells resulted in a fifty-fold increase in the rate of' urea entry into the rumen. Under normal conditions, the rate of disintegration of this cornified layer will depend on a number of factors such as the rate of epithelial cell proliferation, its rate of keratinization and cell shedding, and on the extent of physical abrasion and on enzymic destruction of this layer by the microbial population inhabiting the wall. If the permeability of the rumen wall to urea is related to the thickness of the keratinized cell layer as the above evidence suggests, then permeability of the wall to urea may be altered by the effects of rumen metabolites on either microbial degradative activity in the rumen wall and/or by a direct effect on epithelial cell metabolism. For example, high butyric acid concentrations may stimulate microbial activity in the keratinized layer, increasing the rate of disruption of this cell layer resulting in higher rates of urea entry into rumen fluid. Alternatively, since butyric acid is extensively metabolized in the rumen epithelium (Weigand et al. 1972 ) the effects of high butyric acid concentrations in rumen liquor on urea recycling may be related to an increased rate of cell division and shedding. Similarly, the effects of CO, on urea recycling may be related to microbial activity, since the effect of CO, perfusion on urea entry is localized to the area of application, and is not immediate .
The evidence presented previously suggests that the rate of urea entry into rumen fluid is related to plasma urea concentration and the permeability of the rumen wall to urea. Since neither blood flow rate nor urease activityper se appear to exercise control over urea entry, future studies of factors regulating urea passage through the rumen wall should concentrate on the effects of rumen metabolites (CO,, VFA and NH,) on both microbial and epithelial cell activity as they relate to the thickness or integrity of the keratinized cell layer. Although the experiments reported in this paper have established that urea recycling through the rumen wall is inducible by dietary manipulation, and correlated with the concentrations of various rumen metabolites, the specific mechanism by which urea entry is increased still remains speculative.
